The changes in bacterial communities associated with the marine sponge Mycale laxissima on transfer to aquaculture were studied using culture-based and molecular techniques. M. laxissima was maintained alive in flowthrough and closed recirculating aquaculture systems for 2 years and 1 year, respectively. The bacterial communities associated with wild and aquacultured sponges, as well as the surrounding water, were assessed using 16S rRNA gene clone library analysis and denaturing gradient gel electrophoresis (DGGE). Bacterial richness and diversity were measured using DOTUR computer software, and clone libraries were compared using S-LIBSHUFF. DGGE analysis revealed that the diversity of the bacterial community of M. laxissima increased when sponges were maintained in aquaculture and that bacterial communities associated with wild and aquacultured M. laxissima were markedly different than those of the corresponding surrounding water. Clone libraries of bacterial 16S rRNA from sponges confirmed that the bacterial communities changed during aquaculture. These communities were significantly different than those of seawater and aquarium water. The diversity of bacterial communities associated with M. laxissima increased significantly in aquaculture. Our work shows that it is important to monitor changes in bacterial communities when examining the feasibility of growing sponges in aquaculture systems because these communities may change. This could have implications for the health of sponges or for the production of bioactive compounds by sponges in cases where these compounds are produced by symbiotic bacteria rather than by the sponges themselves.
Marine sponges have been recognized as hosts for many microorganisms. Sponges are filter feeders; numerous tiny pores on the surface allow water to enter and circulate through a series of aquiferous channels where microorganisms and organic matter are filtered out (27) . In the presence of appropriate growth conditions, microorganisms that can resist the sponge digestive process and immune response may successfully colonize the sponge. Microorganisms can constitute up to 60% of the sponge biomass (21, 63, 69) . In addition to those bacteria serving as a food source, the sponge microbial community is comprised of a transient seawater population that is coincidentally present in the sponge, microbes that grow in the mesohyl, and symbionts that live inside the sponge cells. Sponge-microbe associations involve a diverse range of heterotrophic bacteria, cyanobacteria, facultative anaerobes, unicellular algae, and archaea (19-21, 33, 57, 60, 65) . Sponge-bacteria interactions are widely distributed and sometimes host specific (57) . The large numbers of bacteria within sponges and the specific nature of some of these relationships strongly suggest that symbiotic interactions exist between sponges and microorganisms. Several studies have shown the presence of common microbial communities between different sponge species from different geographic regions (16, 19, 33, 70) . Recently, Enticknap and coworkers reported the presence of a group of closely related alphaproteobacteria affiliated with Pseudovibrio denitrificans in seven genera of marine sponges from several geographic locations (11) .
Marine sponges are sessile invertebrates that have developed effective strategies to protect themselves against viruses, bacteria, and eukaryotic predators. One of these defense mechanisms is the production of secondary metabolites (48, 52) . Sponges are known as prolific sources of bioactive compounds that can potentially be used to treat various human diseases (13, 15) . In some cases, the primary producers of bioactive compounds are symbiotic microorganisms hosted by marine sponges (14, 25, 46) . The low yield of metabolites originating from marine sponges is one of the major obstacles for the completion of clinical studies and the development of promising compounds and has been termed the "supply problem" (36, 41) . Careful harvesting of sponges from the marine environment without damaging the wild population is a possible option for rapidly growing and abundant species, but not for rare species. Chemical synthesis is not an option for many marine natural compounds due to their structural complexity. When compounds of interest are produced by bacterial symbionts rather than by the sponges, it may be possible in some cases to isolate producer microbes and ensure an economic, sustainable supply of compounds by growing the microbes in fermentation systems. If this is not achievable, culturing of the entire sponge and its microbial consortium in aquaculture systems is another option. In situ cultivation of marine sponges (mariculture) and cell culture approaches have been explored as possibilities for large-scale production of sponge-derived compounds (A. Duckworth, presented at World Aquaculture, Raleigh, NC, 14 to 18 June 2007; 34, 36, 40, 55, 64, 71) . One promising strategy is the ex situ culture of sponges in closed or semiclosed systems. Aquaculture in tanks might be preferable to in situ mariculture because it is reliable and provides the possibility of switching from seasonal growth to continuous growth during the year (8, 55) . Also, maintenance of marine sponges in aquaculture provides a potential model to study sponge-microbe interactions. However, very little is known about the optimal environmental conditions and ecological needs of sponges, and this makes the optimization of sponge growth and compound production a difficult process (9, 41, 64) .
In order to examine the potential of ex situ cultivation of marine sponges as a solution for the supply problem, it is crucial to determine whether the microbial communities change upon culturing. Mycale laxissima was chosen as our model sponge due to its high capability of adapting to aquaculture conditions compared to this ability in other sponges from the same reef environment examined in preliminary trials. Also, M. laxissima is a representative of the genus Mycale that is of considerable interest as a source of metabolites with a wide range of bioactivities, including significant cytotoxic, antiviral, antitumor, and antimitotic activities (18, 24, 30, 31, 38, 39, 43-45, 49, 61, 62, 66, 67) . A number of these cytotoxins have been isolated from Mycale hentscheli sponges (3) from New Zealand waters. Perloruside A, the most recent cytotoxic metabolite, was isolated from M. hentscheli sponges collected from the North coast of the South Island. It is a microtubule stabilizer with a potency and mode of action similar to those of the major anticancer drug paclitaxel (Taxol) and the epothilones (42) .
The first objective of this study was to characterize the microbial communities associated with wild and aquacultured M. laxissima sponges using culture-dependent and molecular techniques. The second objective was to compare the bacterial communities of wild sponges to those in aquaculture systems. The following questions were addressed. (i) Is there a spongespecific community in M. laxissima sponges that is different from the bacterioplankton community in the water column? (ii) Does the transfer of the sponges into aquaculture cause a change in the bacterial community?
MATERIALS AND METHODS
Sponge collection and taxonomic identification. Individual M. laxissima sponges were collected by scuba diving at Conch Reef, Key Largo, FL, in July 2001 and June 2004 in water depths of ca. 15 m (latitude 24°57.11Ј N, longitude 80°27.57Ј W). The water salinity was 36 ppt, and the temperature was 26.7°C. Chemically characterized voucher specimens were registered with the Natural History Museum (formerly the British Museum of Natural History) (11) . Water samples were collected near the sponges at a depth of ca. 15 m in sterile 20-liter containers, and 15 to 20 liters were filtered through 0.22-m-pore-size Sterivex filters (Millipore) for each water sample. The Sterivex filters were frozen immediately and stored at Ϫ20°C for isolation of nucleic acids. The sponge samples and Sterivex filters were transferred to Baltimore, MD, on dry ice and stored at Ϫ80°C. The sponges collected for maintenance in aquaculture were transported in containers filled with aerated seawater. The water (50% volume) was changed every 4 to 6 h and was kept aerated by battery-operated air pumps and airstones.
Sponge aquaculture. Two different aquaculture systems were designed. (i) Flowthrough system. A closed flowthough system was constructed using a 360-liter head tank and three 80-liter fish tanks fitted with small external filters and siphons (see Fig. S1 in the supplemental material). The flow rate was controlled by using a valve set to 4 liters per h, giving a turnover rate of 2.4 times every 24 h.
The constant influx of new sterile artificial seawater and removal of old salt water helps maintain water quality. Sponges were fed the microalga Nanochloropsis sp. with the addition of 40 ml of a 4 ϫ 10 6 cell ml Ϫ1 culture every 2 to 3 days. Four sponge individuals were collected in 2001. One was processed as a wild sponge, one was kept in this aquaculture system for 6 months, and two were kept in the aquaculture system for 2 years. The health of the aquacultured sponges was monitored visually during this period, and digital images were taken. After 6 months, one individual sponge was sacrificed and processed immediately for microbiology. Specimens were stored at Ϫ80°C for the isolation of nucleic acids. The procedure was repeated for the two remaining sponges after 2 years in the aquaculture system. At 2 years, 4 liters of the water were filtered through Sterivex filters for the isolation of nucleic acids (designated AW03).
(ii) Recirculating system. A large-scale recirculation aquaculture system was designed and constructed to house the 2004 sponge collection (see Fig. S1 in the supplemental material). The 800-liter system was constructed using four 80-liter tanks and two 160-liter tanks. These tanks were drilled with a 1.5-cm hole about 9.5 cm from the bottom, and bulkheads were attached. Bulkheads were connected with 1.5-cm polyvinyl chloride pipe to allow water to drain from the tanks. These pipes emptied into a sump where the waste passed through a 100-mmesh bag filter. A protein skimmer was installed in the sump to remove organic material from the water. From the sump, the water was pumped into a biofilter and an algal turf scrubber. The system had actinic and 10,000K lights set on a normal daily light regime. Five sponges were collected in 2004. Three were processed as wild sponges. Two were maintained in the recirculating aquaculture system for 3 months, and their health condition was inspected visually during this period.
Sponge processing for isolation of culturable bacteria. Immediately after the sponges were collected, samples were rinsed thoroughly three times with sterile artificial seawater to remove any transient bacteria, algae, or mucus attached to the surface of the sponge. Sponge tissue (1 cm 3 ) was ground in artificial seawater, and 10-fold serial dilutions were plated on Difco marine agar 2216 (BD Biosciences, Franklin Lakes, NJ). The plates were incubated at 30°C for a week. Serial dilutions of water samples were processed similarly for bacterial isolation.
Identification of isolates by 16S rRNA gene sequence analysis. One representative of each bacterial morphotype was selected from each sample for further purification and sequencing. Single pure colonies of each isolate were transferred to 20 ml of marine broth 2216 (BD BioSciences) and incubated overnight at 30°C in a shaking incubator at 100 rpm. DNA was extracted from these isolates by using an Ultra-Clean microbial kit (MoBio Laboratories, Carlsbad, CA). Isolates were stored at Ϫ80°C in marine broth 2216 supplemented with 30% glycerol. The 16S rRNA gene was PCR amplified using universal primers 27F and 1492R (26) as described by Enticknap et al. (11) .
DNA extraction from sponges and surrounding water samples. Freeze-dried sponge tissue (1 cm 3 ) was ground using a sterile mortar and pestle. Total genomic DNA was extracted using the method described by Pitcher et al. (47) . The protocol was modified for sponge tissues (12) . DNA was extracted from the filters obtained from seawater and aquarium water samples using the protocol described by Somerville et al. (56) .
Denaturing gradient gel electrophoresis (DGGE) of bacterial communities. A 195-bp region corresponding to positions 341 and 534 in the 16S rRNA gene of Escherichia coli was PCR amplified from genomic DNA extracted from sponges and water samples using P2 and P3 primers (37) . DGGE was performed by using a DCode system (Bio-Rad, Hercules, CA) on a 6% (wt/vol) polyacrylamide gel with a denaturing gradient of 40 to 70% in 1ϫ Tris-acetate-EDTA. Electrophoresis was performed for 17 h at 60 V at 60°C. Gels were stained in a staining bath of Sybr green in 1ϫ Tris-acetate-EDTA and visualized with a Typhoon 9410 image system (Amersham Biosciences, Piscataway, NJ).
PCR amplification of genomic DNA, cloning, and sequencing. 16S rRNA gene fragments were PCR amplified from the total genomic DNA isolated from sponge and water samples using the same protocol described for culturable isolates. Cycling conditions were as described previously, but the PCR was terminated after 15, 20, 25, or 30 cycles, with 30 cycles for the negative control sample (11) . Amplification products were visualized by agarose gel electrophoresis. Visible bands of approximately 1,500 bp from the reactions with the least number of cycles were cut and gel purified. Corresponding areas from the negative control samples were excised and taken through the cloning procedure to provide strict negative controls. Purified PCR products were ligated into the pCR-XL-TOPO vector and transformed into OneShot TOP 10 chemically competent Escherichia coli cells using a TOPO XL PCR cloning kit (Invitrogen Life Technologies, Carlsbad, CA). Plasmid DNA was isolated from individual clones and purified using a SprintPrep 384 HC kit (Agencourt Bioscience, Beverly, MA). Sequencing was done using an ABI PRISM 3130xl genetic analyzer (Applied Biosystems, Foster City, CA) and M13 forward and reverse sequencing primers.
Phylogenetic analysis. 16S rRNA gene sequences from isolates were analyzed by using the BLASTn tool at the National Center for Biotechnology Information website. Isolates were presumptively identified according to the identity of the closest cultured relative in the top BLAST hits. 16S rRNA gene sequences from clone libraries were edited using PreGap4 and Gap4 from the Staden package and analyzed initially by using the BLAST tool to aid in the selection of the closest reference sequences. Chimeric sequences were identified by using the CHECK_CHIMERA program of the Ribosomal Database Project (29) . Phylogenetic analyses of clone libraries were performed by using the ARB software package (28) , and sequences were aligned by using the positional tree server with a data set containing the nearest relative matches. Trees were constructed using the neighbor-joining (Jukes-Cantor correction) (50) algorithms implemented in ARB. The robustness of the inferred tree topologies was evaluated after 1,000 bootstrap replicates of the neighbor-joining data. Bootstrap values were generated using Phylip version 3.6 (J. Felsenstein, Department of Genetics, University of Washington, Seattle, WA).
Statistical analyses of clone libraries and estimation of microbial diversity. S-LIBSHUFF version 1.22 was used to compare libraries statistically (54) . It compares more than two libraries at once with the same distance matrix to determine whether two libraries were drawn from the same population. DOTUR (distance-based operational taxonomic unit [OTU] and richness) version 1.53 (53) was used to assign sequences to OTUs and to calculate collector's curves for observed unique OTUs, Chao1, and ACE (abundance-based coverage estimator) richness estimators. The Shannon and Simpson's diversity indices were also calculated (22) . Rarefaction analysis was done to determine the number of observed OTUs as a function of the distance between sequences and the number of sequences sampled. The rarefaction curve data were obtained by using DOTUR.
Nucleotide sequence accession numbers. 16S rRNA gene sequences from isolates were submitted to GenBank under accession no. EF629829 to EF629882. 16S rRNA gene sequences from clone libraries were submitted to GenBank under accession no. EF629883 to EF630353 and EU340240.
RESULTS
Maintenance of M. laxissima sponges in two aquaculture systems. Individual M. laxissima sponges were successfully maintained in two aquaculture systems, a flowthrough system and a closed recirculating system (see Fig. S1 in the supplemental material). Sponge health was assessed visually by observing size, color, and the appearance of necrotic spots. No significant growth of sponges was observed in either aquaculture system. Sponges maintained integrity and showed no necrosis or fouling, although there was some color change from black to gray, possibly indicating a loss of dark-pigmented cyanobacteria. Sponges remained viable throughout the study period, as shown by a sponge cell aggregation assay (1, 4, 35) . Manually dispersed sponge tissue reaggregated spontaneously when the sponge cells were alive. Digital images were taken routinely.
DGGE. DGGE analysis revealed that the bacterial communities varied substantially between wild sponges and surrounding seawater and between aquacultured sponges and aquarium water under both aquaculture conditions (Fig. 1) . DGGE banding patterns were generally consistent between sponges sampled at the same time point. The marked differences in overall DGGE patterns indicate that the bacterial communities associated with M. laxissima were clearly different from those in the surrounding water. A few DGGE bands were shared between both sponge and water samples, suggesting the commonality of some bacteria. The diversity of the microbial community associated with M. laxissima, assessed by the number of bands present in DGGE, increased in both aquaculture systems.
Phylogenetic analysis of 16S rRNA gene clone libraries. In order to determine the stability of the microbial communities upon transfer of the M. laxissima into aquaculture, seven 16S rRNA gene clone libraries were generated. One clone library from a representative sponge was constructed at each selected time point, described in detail below. This was based on the general consistency of DGGE banding patterns between individuals sampled at the same time point (Fig. 1) . Chimeric clones were excluded from the analysis. DOTUR was used to assign sequences to OTUs based on the genetic distance between sequences.
(i) Flowthrough system. In this system, 6-month-and 2-yearaquacultured M. laxissima sponges were compared to M. laxissima sponges collected from the wild in 2001. Clone libraries, designated W01ML and 6mML, were constructed from one wild sponge and one sponge maintained in aquaculture for 6 months, respectively. Two sponge samples were processed at the 2-year time point for DGGE analysis and culturing of isolates. However, a clone library (designated 2YML) was constructed from the bacterial community in only one sponge, judged to be representative of communities in both sponges based on the similarity of the DGGE banding patterns (data not shown). A total of 119 16S rRNA gene clones were analyzed from the wild sponge. This generated 67 unique OTUs which fell within seven bacterial phyla (Alpha-, Gamma-, and Deltaproteobacteria, Actinobacteria, Bacteroidetes, Cyanobacteria, and Planctomycetes). A total of 85 16S rRNA gene clones were analyzed from the 6-month-aquacultured sponge. This generated 75 unique OTUs, which fell into eight phyla (Alpha-, Gamma-, and Deltaproteobacteria, Bacteroidetes, Caldithrix, laxissima sponges (4A to C), and aquarium water samples from the recirculating system (5A to C). The denaturing gradient was from 40% to 70%.
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Chloroflexi, Planctomycetes, and unassigned bacteria). A total of 47 16S rRNA gene clones were analyzed from the 2-yearaquacultured sponge. This generated 35 unique OTUs, which fell into eight phyla (Alpha-and Gammaproteobacteria, Acidobacteria, Actinobacteria, Bacteroidetes, Cyanobacteria, Planctomycetes, and unassigned bacteria). A phylogenetic tree showing the relationships between sequences from these three libraries is shown in Fig. 2A and B.
A total of 38 16S rRNA gene clones were analyzed from the seawater, generating 31 unique OTUs which fell into eight phyla (Alpha-and Gammaproteobacteria, Actinobacteria, Bacteroidetes, Cyanobacteria, Planctomycetes, uncultured TM7, and Verrucomicrobia). A phylogenetic tree showing sequences from the seawater library is shown in Fig. 2C . A total of 51 16S rRNA gene clones were analyzed from the aquarium water, generating 40 unique OTUs which fell within five phyla (Alphaand Gammaproteobacteria, Bacteroidetes, Cyanobacteria, and Planctomycetes). A phylogenetic tree showing sequences from the aquarium water library is shown in Fig. 2D. (ii) Recirculating system. Two sponges were compared in this analysis, an M. laxissima sponge collected from the wild in 2004 and an M. laxissima sponge maintained in the recirculating aquaculture system for 1 month. A clone library designated 1m04AML was constructed from a sample of one representative sponge maintained for 1 month in aquaculture. This sample was regarded as a representative sample based on the similarity of the DGGE banding patterns of the two 1-monthaquacultured sponges (Fig. 1B) . A total of 67 16S rRNA gene clones were analyzed from the wild sponge. This generated 59 unique OTUs which fell into 10 bacterial phyla (Alpha-, Gamma-, and Deltaproteobacteria, Acidobacteria, Actinobacteria, Bacteroidetes, Cyanobacteria, Planctomycetes, uncultured TM7, and unassigned bacteria). An equal number of 16S rRNA gene clones from the 1-month-aquacultured sponge were analyzed. This generated 52 unique OTUs which fell into eight phyla (Alpha-, Gamma-, and Deltaproteobacteria, Acidobacteria, Bacteroidetes, Cyanobacteria, Planctomycetes, and unassigned bacteria). A phylogenetic tree showing comparisons of se-FIG. 2. Rooted neighbor-joining phylogenetic tree of partial 16S rRNA gene sequences of clones that were recovered from the flowthrough system and a wild sponge, including the wild sponge (prefixed W01ML, presented in blue) collected at the same time as the 6-month-aquacultured (prefixed 6mML, presented in green) and 2-year-aquacultured (2YML, presented in red) sponges (A and B), seawater sample collected in the vicinity of wild sponges at Key Largo (prefixed WW01) (C), and water from the flowthrough aquaculture system (prefixed AW03) (D). Bootstrap confidence values of Ͼ50% are shown at the nodes. The tree was constructed using ARB. The tetragons represent the clones that are Ͼ99.5% similar (see Table S1 in the supplemental material); the numbers listed in bold before the group names indicate the numbers of clones. Thermatoga maritima (NCBI accession no. AJ401021) was used as the outgroup in the analysis. quences from these two libraries is shown in Fig. 3 . The distribution of OTUs within the major phylogenetic groups detected in sponges from both aquaculture systems is shown in Fig. 4 . Phylogenetic analysis of isolates. Culturing techniques were used to isolate heterotrophic bacteria from sponge samples. Isolates were identified based on the top BLAST hits of ca. 700 bp of the 16S rRNA gene sequence. Alpha-and gammaproteobacterial isolates dominated the culturable bacterial assemblages in wild sponges and seawater samples (Table 1) . Isolates affiliated with Acidobacteria were isolated only from sponges maintained under flowthrough aquaculture conditions. In the recirculating system, a diverse assemblage of isolates affiliated with Alphaproteobacteria and the Bacteroidetes group was obtained from all sponges, with an increase in the number of culturable Gammaproteobacteria from sponges maintained for 3 months.
Rarefaction analysis. Rarefaction curves at the estimated phylum level (distance ϭ 0.20) reached saturation for all of the seven libraries, suggesting that the sampling effort was sufficient to reveal all phyla present in the samples. Only the clone library of the 2001 wild sponge reached saturation at the estimated species level (distance ϭ 0.03). Further sampling from the other six libraries may have revealed more diversity at the species level. The bacterial species richness in sponges maintained in both aquaculture systems was greater than that in sponges collected from the wild, indicated by steeper inclines in rarefaction curves (see Fig. S2 and S3 in the supplemental material).
Statistical analysis of bacterial diversity. The computer program LIBSHUFF was used to compare the libraries of wild and aquacultured sponges. This program is designed to compare undersampled 16S rRNA gene libraries. Evolutionary distances were calculated using the neighbor-joining algorithm in ARB. In the flowthrough system, the libraries of the wild, 6-month-, and 2-year-aquacultured sponges were significantly different at the 99% confidence level (P Յ 0.01). Similarly, the library from the sponge maintained for 1 month in the recirculating system was significantly different from the library of the wild sponge collected in 2004 (99% confidence level). Additional measures of diversity and richness were obtained (Table 2). These indices were calculated using DOTUR. The input files were in the form of distance matrices generated by using ARB. DOTUR uses the furthest-neighbor method to collapse similar sequences into groups at arbitrary levels of taxonomic similarity and then computes the Shannon, Chao, and ACE statistics for that taxonomic level (53) . Maintenance of M. laxissima in the flowthrough system increased the bacterial richness at both phylum and species levels. This was consistent with the higher number of OTUs observed using rarefaction analyses. The values of the Shannon and Simpson indices were higher for aquacultured sponges than for sponges collected from the wild. The richness and diversity estimates changed slightly after M. laxissima was kept for 1 month in the recirculating system.
DISCUSSION
We used two aquaculture systems to examine the feasibility of maintaining the marine sponge M. laxissima in ex situ closed systems under controlled environmental conditions with ecological parameters similar to those in the sponges' natural habitat. The aquaculture of sponges in closed or semiclosed systems is a promising strategy to overcome the supply problem for sponge-derived compounds. This strategy offers good control of environmental conditions, such as light levels and periods, temperature, food supply, and possible precursors of important secondary metabolites (55) . However, aquaculture of marine sponges in completely closed systems is still challenging (2, 6, 10, 32, 40) . Sponges generally do not have fast growth rates, and growth has rarely been obtained in aquaculture systems (55) . It was therefore not surprising that the sponges did not grow under aquaculture conditions. Further optimization of the aquaculture system is required for it to be useful in terms of the production of sponge biomass for harvesting natural products. M. laxissima showed high capability of adapting to aquaculture conditions in comparison to this ability in other sponges from the same reef environment examined in preliminary trials. M. laxissima was successfully maintained in the flowthrough system for 2 years. The recirculating system was designed to give a well-controlled steadystate system with no reliance on a continual input of fresh seawater. Our study is one of a few reports of monitoring the microbial communities associated with marine sponges in aquaculture (17, 23 Wright, and R. T. Hill, submitted for publication). Hoffmann and coworkers (23) used fluorescent in situ hybridization to study the stability and specificity of microbes associated with the marine cold-water sponge Geodia barretti during cultivation for 8 months in an open recirculation system. They suggested that the explants which survived aquaculture conditions have developed effective buffer systems to prevent infection by foreign sulfate-reducing bacteria during the critical phase of cultivation. In agreement with the results of our study, members of the Alpha-and Gammaproteobacteria were maintained during the period of cultivation. Friedrich and coworkers (17) found that a large fraction of the microbial community of the Mediterranean sponge Aplysina aerophoba remained stable during starvation of sponges or antibiotic exposure over the 11 days in recirculating seawater aquariums.
Changes in the microbial community associated with M. laxissima sponges on maintenance in the flowthrough system included the presence of clones from the Actinobacteria that were highly enriched after 2 years in the aquaculture system that are Ͼ99.5% similar (see Table S2 in the supplemental material); the numbers listed in bold before the group names indicate the numbers of clones. Thermatoga maritima was used as the outgroup in the analysis. Scale bar indicates 0.10 substitutions per nucleotide position. Reference sequences are shown with GenBank accession numbers listed after each sequence name. Major bacterial groups found in both libraries are indicated in bold on the right-hand side of the tree.
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on August 15, 2017 by guest http://aem.asm.org/ ( Fig. 2A and 4A ). Actinobacteria were not detected after 6 months in aquaculture. This may be due to their absence or to a decrease in abundance to numbers below our detection limit. Acidobacteria were detected only from a sponge maintained for 2 years in this system. This was consistent with the culturebased approach where an isolate (N2yML4) affiliated with the Acidobacteria was recovered from the 2-year-aquacultured sponge. Interestingly, sequences affiliated with Acidobacteria were absent in the library of the aquarium water. This indicates that these strains might be sponge specific and have increased in numbers from levels undetectable in the wild sponges to detectable numbers after long-term maintenance in aquaculture. After acclimation to aquaculture environmental conditions, the growth of some bacteria may be favored, resulting in these groups becoming major components of the microbial communities of aquacultured sponges. Changes in the microbial community associated with the M. laxissima sponges on maintenance in the recirculating system included a decrease in the dominance of Alpha-and Gammaproteobacteria, as was seen in sponges maintained in the flowthrough system ( Fig. 3  and 4 ). Actinobacteria were not detected in aquaculture, and the Bacteroidetes group was significantly enriched. The library representing bacterial communities found in wild sponges was significantly different from the library of the bacterial community from the surrounding seawater, based on LIBSHUFF results. In addition, there were marked differences in overall DGGE patterns of bacterial communities associated with M. laxissima sponges and those in the surrounding water. This suggests that the bacterial community associated with wild M. laxissima sponges is sponge specific rather than simply comprising a transient population from the water column. After maintenance in aquaculture for 2 years, the bacterial community in an aquacultured sponge was different than the library of the bacterial community in the aquaculture system water. This suggests that M. laxissima maintains a distinct bacterial community different from that in the surrounding water filtered by the sponges, both in the wild and in aquaculture. This is consistent with other reports (19, 51, (57) (58) (59) 68) showing that sponges harbor different bacteria than those in the surrounding water, but this is the first time that this has been shown for sponges maintained in aquaculture systems.
The total number of OTUs in bacterial communities was calculated using nonparametric estimators. Chao1 richness estimates were based on singletons and doubletons as described by Chao (5), while ACE was based on the distribution of abundant (Ͼ10) and rare (Յ10) species. The Shannon index and the reciprocal of Simpson's index were used as diversity indices. Higher numbers indicate greater diversity. Small sample size may affect the performance of diversity estimators. We predict, based on the rarefaction analyses that indicate that further sampling from almost all libraries would reveal more diversity at the species level (see Fig. S2 and S3 in the supplemental material), that the diversity that was observed is an underestimate and additional sampling would lead to an increased estimate of total diversity. The richness and the diversity of the bacterial communities increased in the flowthrough aquaculture system. This was somewhat unexpected, as we had anticipated a decrease in the bacterial diversity on long-term maintenance of sponges in aquaculture systems. A loss in bacterial diversity might have had adverse consequences for sponge health and for the production of bioactive compounds, such as antibiotic, antifungal, and antifouling compounds by bacterial symbionts. An increase in the bacterial diversity of the sponge-associated communities raises the interesting possibility that additional novel bacteria could be cultured from aquacultured sponges compared with the bacteria in wild sponges. The maintenance of sponges in aquaculture may provide a means for assessing new culturable bacterial diversity from sponges. This possibility is supported by our successful isolation of an Acidobacterium strain (N2yML4) from M. laxissima after maintenance of this sponge in aquaculture, although we have not yet shown that these novel cultured bacteria are sources of new bioactive compounds. To our knowledge, Acidobacteria has not previously been cultivated from marine sponges. This strain is a potential candidate for a genomics approach that may reveal aspects of its metabolic capabilities and importance for the sponge host. We were successful in culturing several additional novel strains that were distantly (Յ95% 16S rRNA gene identity) related to previously cultured strains with sequences deposited in GenBank. These included four Flavobacteriaceae, six Flexibacteriaceae, two Gammaproteobacteria, and two Alphaproteobacteria strains ( Table 1 ). All of these strains warrant description as new species or genera.
We were able to maintain M. laxissima alive in closed aquaculture systems. The bacterial community of M. laxissima changed substantially on transfer into aquaculture. Based on the results from both flowthrough and recirculating systems, there was a permanent component of the bacterial community that was present in wild sponges and was maintained in sponges in aquaculture (Fig. 2, 3, and 4 ). This fraction included members of the Alpha-, Gamma-, and Deltaproteobacteria, Bacteroidetes, and Planctomycetes. This suggests that specific strains in this stable component may be essential for the health of the sponge and possibly play a role in essential symbiotic roles, such as the production of antifouling agents and antimicrobial agents that prevented the growth of pathogenic bacteria in aquacultured sponges.
ACKNOWLEDGMENTS
We are grateful to Michelle Kelly of the National Institute of Water and Atmospheric Research in New Zealand for confirming the taxonomic identification of the M. laxissima sponge samples and for review of the manuscript. We thank Matthew Anderson, Naomi Montalvo, and Olivier Peraud for their kind assistance in sponge collection and maintenance in aquaculture. Matthew Anderson kindly provided the schematic diagrams of the aquaculture systems. We thank Marcelino Suzuki for his invaluable assistance with ARB. Two anonymous reviewers are thanked for helpful and constructive comments. We acknowledge the National Undersea Research Center (NURC), University of North Carolina at Wilmington, for providing sampling opportunities in Key Largo, Florida.
